A new and facile synthetic route to the known neutral cluster ((PhCH 2 ) 2 SnO) 6 [((PhCH 2 ) 2 SnOH) 2 -(CO 3 )] 2 (2) as well as its reactivity toward trifluoromethanesulfonic acid (HO 3 SCF 3 , TfOH) are reported. The solid-state structure of the new solvate 2·6C 7 H 8 has been determined by single-crystal X-ray diffraction. The core of 2 can be described as a pair of coplanar pentanuclear [(PhCH 2 ) 2 SnO] 5 ladders bridged at their ends by two carbonate groups. Successive additions of TfOH to a suspension of 2 in CD 3 CN were monitored by 119 Sn{ 1 H} NMR spectroscopy showing the transformation of the fingerprint of 2 (δ = −244, −246, −306 ppm), via new upfield signals, to a final broad resonance located at δ = −474 ppm. Thereafter, two unprecedented ionic monobenzyltin(IV) oxo clusters, 3 and 4, resulting from a debenzylation reaction and exhibiting unusual hexa-and undecanuclear frameworks, respectively, have been isolated as single crystals. 
Introduction
Organotin compounds with Sn-O bonds have a diversity of solid-state structures, from discrete mononuclear compounds to complex clusters and multidimensional networks. Pioneering work in the field of organotin-oxo clusters is attributable to Holmes and Chandrasekhar who in the 1980's discovered several unexpected polynuclear structures and published the first reviews relating to the classification of these compounds [1] . Since then, the inventory of structures has regularly been updated; it reveals a profuse structural diversity [2] . Indeed, on the basis of X-ray crystallographic studies, a great variety of shapes has already been identified for organotin-oxo derivatives which include prismane [3] , butterfly [4] , ladder [5] , O-and Scapped cluster [6] , drum [7] , cube [8] , double cube [9] , football cage [10] , crown [11] , extended cage [12] , and coordination polymer types [13] . Moreover, the structural interrelationship between these polynuclear arrangements has been clearly established, highlighting possible mechanisms of interconversion from one form to another [14] . In the past decade, with the growing interest in the assembly of the metal-organic frameworks 0932-0776 / 10 / 1100-1293 $ 06.00 c 2010 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com (MOFs), organotin-oxo moieties have also been used as building blocks for designing supramolecular architectures with remarkably large cavities [15] . From a synthetic point of view, organotin assemblies containing Sn-O bonds are generally obtained from the reaction of organotin precursors (such as organotin oxides and hydroxides) in the presence of phosphonic, phosphinic, carboxylic, and sulfonic acids at room temperature or under reflux conditions. Recently, reactions with arylarsonic acids were also explored [16] . In numerous examples, the cleavage of Sn-C bonds leads to the formation of Sn-O bonds [17] .
Formerly, investigating the direct synthesis of organic carbonates from carbon dioxide and alcohols promoted by organometallic tin(IV) precursors [18] , and during recycling experiments, we isolated a deca(organotin(IV)) oxo cluster, characterized as (nBu 2 SnO) 6 [(n-Bu 2 SnOCH 3 ) 2 (CO 3 )] 2 and arranged in a pair of coplanar [(n-Bu 2 Sn) 5 O] 5 ladders bridged by two carbonate groups ( Fig. 1) [19] .
More recently, we optimized the preparation of this compound by developing a new high-yield route from di-n-butyl tin oxide, n-Bu 2 SnO, and dimethyl carbonate (DMC) in a sealed vial [20] . Applying the same ex- Fig. 1 . Molecular representation of (n-Bu 2 SnO) 6 [(n-Bu 2 SnOCH 3 ) 2 (CO 3 )] 2 [19] .
perimental protocol, we report herein the synthesis of ((PhCH 2 ) 2 SnO) 6 [((PhCH 2 ) 2 SnOH) 2 (CO 3 )] 2 (2) , from (PhCH 2 ) 2 SnO (1) used as a tin precursor. The crystal structure of 2·6C 7 H 8 (C 7 H 8 = free toluene molecules), as determined by single crystal X-ray diffraction, as well as the solution multinuclear NMR characterization are presented. Thereafter, the reactivity of 2 toward four successive additions of trifluoromethanesulfonic acid (TfOH) equivalents was also investigated and monitored by 119 Sn{ 1 H} NMR spectroscopy in CD 3 CN. Two new ionic monobenzyltin(IV) trifluoromethanesulfonate clusters, 3 and 4, resulting from a debenzylation process have been isolated and characterized by single-crystal X-ray diffraction. To our knowledge, the hexa-and undecanuclear frameworks of 3 and 4, respectively, are unusual and have never been reported previously in the literature on organotin(IV) oxo clusters. (2) The reaction of dibenzyltin oxide, (PhCH 2 ) 2 SnO (1), with dimethyl carbonate in a sealed vial at 125 • C in the presence of toluene and traces of methanol provides the polynuclear dibenzyltin(IV) oxo cluster, ((PhCH 2 ) 2 SnO) 6 [((PhCH 2 ) 2 SnOH) 2 (CO 3 )] 2 (2) . The crystallization of 2 from hot toluene gave rise, upon slow cooling, to air-stable colorless crystals characterized as 2·6 (C 7 H 8 ) by an X-ray crystallographic analysis. In the past, Ma and co-workers reported the isolation of 2·2CH 3 COCH 3 , obtained from dibenzyltin dichloride when it was kept in the presence of atmospheric CO 2 , with 15 % yield [21] . The synthetic pathway described here involving the use of sealed vial conditions increases the yield significantly up to 44 %. + . Based on an X-ray crystallographic analysis, the inorganic core of 2 can be described as a pair of coplanar pentanuclear [(PhCH 2 )SnO] 5 ladders bridged at their ends by two carbonate groups acting as µ 1 ,µ 1 -bridging ligands and stabilized by four µ 2 -bridging hydroxy groups. An ORTEP view of the molecular structure of 2, and selected bond lengths and angles are available in the Supporting Information. In addition, six molecules of toluene co-crystallize in the crystal lattice with 2 and are regularly intercalated between organotin frameworks leading to the formation of a channel-like organisation (Fig. 2) . From a structural point of view, the double coplanar ladder-type structure constitutes a remarkable feature, up to now exclusively observed in the case of di-n-butyl-and dibenzyltin oxo clusters [19, 21, 22] . (2) toward trifluoromethanesulfonic acid (TfOH) Numerous examples of trifluoromethanesulfonate derivatives have been reported previously in organotin(IV) chemistry and structurally characterized by single-crystal X-ray diffraction [23] . In general, organotin triflates are obtained by reaction of organotin oxides with HO 3 SCF 3 (TfOH) or alternatively from organotin chlorides (R (4−x) SnCl x ) and AgO 3 SCF 3 . In the past using the second synthetic approach, we have described the solid-state structure of the catena-poly [[di-n-butyltin 
Results and Discussion

Synthesis and characterization of ((PhCH
Reactivity of ((PhCH
] with bridging as well as terminal trifluoromethanesulfonate ligands [24] . Recently, continuing our investigation in this domain, we published the preparation of an unexpected trifluoromethanesulfonato di-n-butylin(IV)-based supramolecular 2D framework induced by phenazine [15f] . In addition to the structural interest, organotin(IV) trifluoromethanesulfonate complexes are active in homogeneous catalysis as Lewis acids for organic reactions such as the Mukaiyama aldol reaction [25] , the Robinson annulation [26] , the acetylation of alcohols [27] , and the transesterification of dimethyl carbonate with phenol [28] .
The addition of trifluoromethanesulfonic acid to a suspension of 2 in acetonitrile gave a clear solution after stirring for 2 h at r. t. Removal of solvent in vacuo and washing of the tin-based residue with dichloromethane yielded a homogeneous colorless powder. Interestingly, the 119 Sn{ 1 H} NMR spectrum of the powder dissolved in CD 3 CN shows an upfield signal located at δ = −474.2 ppm suggesting the presence of hexacoordinated tin atoms. In the 13 C{ 1 H} and 19 F{ 1 H} NMR spectra the coupling constant of 318 Hz between the 13 C and 19 F nuclei, with δ ( 13 C) = 121.05 and δ ( 19 F) = −79.05 ppm, can be attributed to CF 3 moieties. The electrospray mass spectrum (positive mode) displays six intense mass clusters at m/z = 953, 965, 1025, 1041, 1100, and 1115, not assigned precisely but exhibiting assuredly characteristic isotope distribution patterns of polynuclear tin species. The IR spectrum of the colorless showed a very broad absorption centered at 3396 cm −1 as well as a sharp band at 3596 cm −1 which can be attributed Fig. 3 . IR(ATR) spectra of (a) (PhCH 2 ) 2 SnO (1) to the presence of hydroxyl groups. Characteristic vibrational bands of trifluoromethanesulfonate ligands, in particular ν(CF 3 ) and ν(SO 3 ), are also observed in the region between 1000 and 1300 cm −1 (Fig. 3d ) [29] . In order to confirm the spectroscopic observations, we attempted to crystallize the tin compounds to gain structural data. Dissolving the colorless powder in a mixture of acetonitrile/dichloromethane/toluene, after several days we got two types of colorless single crystals. However, owing to the morphologic resemblance of the crystals, the selective collection was difficult. Both compounds, hereinafter referred to 3 and 4, have two distinct molecular structures which are reported and discussed in the next sections.
In parallel with structural investigations we reproduced the experiment under NMR tube conditions in CD 3 CN, monitoring the in situ reactivity of 2 with trifluoromethanesulfonic acid at r. t. We collected the 119 Sn{ 1 H} NMR spectra of the mixture after successive additions of a total of four molar equivalents of TfOH (Fig. 4) . After the first addition of TfOH the spectrum shows clearly that the initial fingerprint of 2 was modified displaying three new peaks at δ = −217. 1, −243.0 and −292.9 ppm (Fig. 4b) . Two additional aliquots of TfOH led to several unknown signals, first located at δ = −220. 5, −245.2, −253.0, −293.9, and −516.4 ppm (Fig. 4c) , and then at δ = −294.9 and −472.5 ppm (Fig. 4d) . Finally, the last addition of TfOH gave only one broad upfield resonance at δ = −472.4 ppm (Fig. 4e) that is comparable to the chemical shift directly saved from the colorless powder obtained during the initial reaction in a Schlenk tube (Fig. 4f) , and which suggests an increase of the coordination number of the tin atoms from five to six. (C 7 H 7 Sn) 6 
Molecular structure of [
The solid-state structure of 3 consists of a hexanuclear cation bearing five positive charges, surrounded by five uncoordinated trifluoromethanesulfonate anions and solvate water molecules. An OR-TEP view of the cation is shown in Fig. 5 . Selected bond lengths and angles are available in the Supporting Information. All tin atoms of 3 are hexacoordinated with distorted octahedral geometry and are bound to only one benzyl ligand in a η 1 mode. However, their chemical environment differs, and we can distinguish two crystallographically distinct types of tin atoms. The Sn1 and Sn6 sites are each coordinated to two molecules of water and to three bridging OH groups while Sn2, Sn3, Sn4 and Sn5 are all connected to a µ 4 oxygen atom as well as to four µ-OH groups. Interestingly, taking into consideration the polyhedra described by the tin atoms, the construction of 3 can be viewed as a bicapped tetrahedron architecture. Indeed, the Sn2, Sn3, Sn4 and Sn5 sites constitute the vertices of the central tetrahedron and two of the four faces, defined by Sn2-Sn3-Sn4 and Sn2-Sn4-Sn5, are capped by the Sn1 and Sn6 atoms, respectively, giving rise to the unprecedented hexanuclear core of 3. A DIAMOND representation detailing the reconstitution of the framework of 3 is depicted in Fig. 6 .
In the past, similar architectures, then described as a bicapped tetrahedron or a "chain" of three tetrahedra sharing faces, were observed in particular for hexanuclear clusters of lead and osmium (β -[Pb 6 O(OH) 6 4+ ] [30] , Os 6 (CO) 18 [31] ). To the best of our knowledge, compound 3 constitutes the first example for organotin(IV) complexes presenting such a structure. 6 [(C 7 H 7 Sn) 10 -(µ 4 
Molecular structure of {Sn(µ-OH)
-O) 2 (µ-OH) 16 (H 2 O) 2 (OTf) 2 ]}(OTf) 6 (4)
The solid-state structure of 4 consists of a centrosymmetric undecanuclear cation bearing six positive charges, which is surrounded by six uncoordinated trifluoromethanesulfonate anions and two dichloromethane solvate molecules. An ORTEP view of the cation is shown in Fig. 7 . Selected bond lengths and angles are available in the Supporting Information. All tin atoms of 4 are hexacoordinated with distorted octahedral geometry, but three crystallographically distinct tin sites can be recognized. The Sn1 site, located at the center of inversion, is occupied by a tin atom connected to six bridging OH groups, which was generated by a complete debenzylation. The Sn6 and Sn6 i atoms are each coordinated to one molecule of water [Sn- [36] ) have been previously published by the groups of Jousseaume and Ribot, respectively. To our knowledge, the undecanuclear structure of 4 is unusual and constitutes the first example of an Sn 11 edifice reported until now.
Conclusion
In summary, this work has opened a route giving satisfactory yields of the decanuclear cluster ((PhCH 2 ) 2 -SnO) 6 [( (PhCH 2 ) 2 SnOH) 2 (CO 3 )] 2 (2) demonstrating the relevance of the synthetic method carried out under sealed vial conditions. The reactivity of 2 toward trifluoromethanesulfonic acid was investigated. In presence of a large excess of HO 3 SCF 3 , the organotin oxo cluster 2 undergoes a debenzylation reaction leading to the formation of hexa-and undecanuclear architectures, characterized by X-ray crystallographic analysis as [ (C 7 H 7 
Experimental Section
All manipulations were carried out by using standard Schlenk techniques [37] or sealed reaction vessels. The organic solvents were refluxed over appropriate desiccants, distilled and saturated with argon prior to use. Chemicals were purchased from Aldrich and Acros Organics. The starting compound (PhCH 2 ) 2 SnCl 2 was synthesized from tin according to a published method [38] . The standard NMR spectra were recorded in CDCl 3 and CD 3 CN on Bruker Avance 300 and II 600 spectrometers. 1 H and 13 C chemical shifts (δ , ppm) were determined from the residual solvent signal (CHCl 3 δ = 7.24, CDCl 3 δ = 77.00). 119 Sn{ 1 H} and 19 F chemical shifts (δ , ppm) are reported downfield from (CH 3 ) 4 Sn and trifluoromethylbenzene, respectively, used as internal standards. IR spectra were recorded on a Bruker Vector 22 instrument with a Specac Golden Gate TM ATR device. The ESI mass spectrum was obtained on a Bruker Table 1 . Crystal and structure refinement data for 2, 3 and 4. microOTOF-Q instrument using a methanol mobile phase. Elemental analyses were performed at the Institut de Chimie Moléculaire, Université de Bourgogne, Dijon.
Synthesis of (PhCH 2 ) 2 SnO (1)
A solution of KOH (2.237 g, 0.056 mol) in water (7 mL) was added dropwise to a solution of (PhCH 2 )SnCl 2 (9.763 g, 0.026 mol) in acetone (65 mL). The mixture was stirred for 2 h at r. t., and then the resultant colorless precipitate was filtered off, washed with acetone, and dried under vacuum. Yield: 7.062 g (86 %). -IR: ν = 3078w, 3057w, 3022m, 2921w, 1598s, 1491vs, 1450s, 1208m, 1059 (2) A mixture of (PhCH 2 ) 2 SnO (1) (1.116 g, 3. 523 mmol), dimethyl carbonate (0.5 mL) and methanol (0.5 mL) in toluene (25 mL) was heated in a sealed vial at 398 K. After ca. 30 min, the suspension turned to a turbid solution, and heating was continued for 50 min. After cooling down to r. t., filtration and removal of the volatiles under vacuum, a colorless solid was obtained. Crystallization of the residue from hot toluene (15 mL) led, after cooling to room temperature, to air-stable crystals which were characterized as the title compound. Yield: 0.515 g (44 % based on crystalline material). 3631w, 3080w, 3058w, 3024m, 2921w, 1599m, 1537m, 1491s, 1451m, 1363s, 1209m, 1113m, 1051m, 1030m, 908m, 754vs, 730s, 693vs, 614s, 516s 
Isolation of clusters 3 and 4
Triflic acid (55 µL, 0.624 mmol) was added to ((PhCH 2 ) 2 SnO) 6 [((PhCH 2 ) 2 SnOH) 2 (CO 3 )] 2 (2) (0.130 g, 0.039 mmol) suspended in acetonitrile (5 mL) and stirred at r. t. After 2 h, a clear solution resulted, and filtration followed by evaporation afforded crude products which were washed with CH 2 Cl 2 to furnish a colorless powder (yield: 0.089 g). The powder residue was then crystallized from a mixture of acetonitrile-dichloromethane-toluene, at r. t., giving after several days two types of single crystals suitable for X-ray crystallographic studies, which were characterized as compounds 3 and 4, respectively.
X-Ray structure determinations
Diffraction data were collected from suitable crystals on a Nonius Kappa CCD diffractometer (MoK α radiation, λ = 0.71073Å) at 115 K. The structures of 2, 3 and 4 were solved using Direct Methods (SIR 92) [39] and refined with full-matrix least-squares methods based on F 2 (SHELXL-97) [40] with the aid of the WINGX program [41] . Except for atoms belonging to some disordered groups, all nonhydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms attached to carbon atoms were included in their calculated positions and refined with a riding model, while the coordinates of the hydrogen atoms bonded to oxygen atoms were refined with a set of restraints. For compound 3, one of the phenyl groups was found disordered over two positions with occupation factors converging to 0.54 : 0.46. Two triflate counter ions were also found disordered with occupation factors 0.71 : 0.29 and 0.65 : 0.35, respectively. The minor components of theses disordered groups were isotropically refined with restraints applied on the C-F, F-F, S-O and O-O distances. Furthermore, five water molecules were located in the asymmetric unit of which one was found disordered over two positions with occupancy factors 0.64 : 0.36. Hydrogen atoms of these solvent molecules were not located. Crystallographic data and structure refinement details for compounds 2-4 are listed in Table 1. Selected bond lengths and angles for compounds 2, 3 and 4 are given as Supporting Information (Tables S1 -S3 , respectively). Programs used for the representation of the molecular and crystal structures: ORTEP [42] , DIAMOND [43] .
CCDC 763717-763719 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
Supporting Information
The 1 H, 13 C{ 1 H}, 119 Sn{ 1 H} NMR spectra, and an ORTEP view of the molecular structure of 2 are shown in the Supporting Information (Figs. S1 -S4, respectively), selected bond lengths and angles for compounds 2, 3 and 4 are given in Tables S1 -S3. This material is available online only. Table S1 . Selected bond lengths (Å) and angles (deg) for 2, - Table S2 . Selected bond lengths (Å) and angles (deg) for 3, - Table S3 . Selected bond lengths (Å) and angles (deg) for 4.
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